
ANL-7827 ANL-7827 

COMPATIBILITY OF URANIUM-PLUTONIUM 

CARBIDE FUELS AND 

POTENTIAL LMFBR CLADDING MATERIALS 

T. W. Latimer 

A 
U of C-AUA-USAEC* 

ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS 



y^ 

The facilities of Argonne National Laboratory are owned by the United States Govern
ment Under the terms of a contract (W-31-109-Eng-38) between the U. S. Atomic Energy 
Commission, Argonne Universities Association and The University of Chicago, the University 
employs the staff and operates the Laboi-atory in accordance with policieBand programs formu
lated, approved and reviewed by the Association. 

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION 

The University of Arizona 
Carnegie-Mellon University 
Case Western Reserve University 
The University of Chicago 
University of Cincinnati 
Illinois Institute of Technology 
University of Illinois 
Indiana University 
Iowa State University 
The University of Iowa 

Kansas State University 
The University of Kansas 
Loyola University 
Marquette University 
Michigan State University 
The University of Michigar 
University of Minnesota 
University of Missouri 
Northwestern University 
University of Notre Dame 

The Ohio State University 
Ohio University 
The Pennsylvania State University 
Purdue University 
Saint Louis University 
Southern Illinois University 
The University of Texas at Austin 
Washington University 
Wayne State University 
The University of Wisconsin 

•NOTICE-

This report was prepared as an account of work sponsored 
by the United States Government. Neither the United States 
nor the United States Atomic Energy Commission, nor any 
of their employees, nor any of their contractors, subcontrac
tors, or their employees, makes any warranty, express or 
implied, or assunnesany legal liability or responsibility for 
the accuracy, connpleteness or usefulness of any information, 
apparatus, product or process disclosed, or represents that 
its use would not infringe privately-owned rights. 

Printed in the United States of America 
Available fronn 

National Technical Information Service 
U.S. Departnnent of Commerce 

5285 Port I^oyal Road 
Springfield, Virginia 22151 

Price: Printed Copy $3.00; Microfiche $0.95 



ANL-7827 
Metals, Ceramics , 

and Materials 

ARGONNE NATIONAL LABORATORY 
97 00 South Cass Avenue 
Argonne, Illinois 60439 

COMPATIBILITY OF URANIUM-PLUTONIUM 
CARBIDE FUELS AND 

POTENTIAL LMFBR CLADDING MATERIALS 

by 

T. W. Latimer 

Materials Science Division 

September 1971 





TABLE OF CONTENTS 

Page 

ABSTRACT 7 

I. INTRODUCTION 7 

II. MATERIALS 8 

A. Cladding Materials 8 

B. Carbide Specimens 9 

IIL TEST MATRIX 10 

IV. EXPERIMENTAL PROCEDURE 11 

V. RESULTS AND DISCUSSION 12 

A. Types 304 and 316 Stainless Steel 12 

B. 16-25-6 and 16-15-6 Alloys 15 

C. Haynes 56 18 

D. Inconel 625 18 

E. Hastelloy-X 22 

F . Incoloy 800 27 

G. Vanadium Alloys 27 

VI. CONCLUSIONS 41 

ACKNOWLEDGMENTS 41 

REFERENCES 42 



11 

11 

13 

14 

14 

16 

LIST OF FIGURES 

No. T i t l e P ^ g g 

1. Compat ib i l i ty T e s t A s s e m b l y 

2. Spec imen H o l d e r f o r Po l i sh ing C a r b i d e F u e l S p e c i m e n s 

3. Type 304 S ta in le s s S tee l vs S t o i c h i o m e t r i c and H y p e r s t o i c h i o 
m e t r i c (U,Pu)C af ter 800°C T e s t s for 4000 h r 

4. Type 304 S ta in less Steel vs H y p e r s t o i c h i o m e t r i c (U,Pu)C 
af ter 800°C T e s t s for 1000 h r 

5. Type 304 S ta in less Steel vs (U,Pu)C af te r 1100°C T e s t 
for 400 h r . . . 

6. Type 316 S t a in l e s s Steel vs H y p e r s t o i c h i o m e t r i c (U,Pu)C 
af ter SOO'C T e s t for 1000 and 4000 h r 

7. Types 304 and 316 S t a in l e s s Steel vs (U.Puj jCj a f te r 800°C 
T e s t s for 1000 h r Showing S m a l l Unident i f ied R e a c t i o n P r o d 
uct A at the In te r face 17 

8. T i m k e n Alloy 16-25-6 vs {U,Pu)C af ter 800°C T e s t for 
1000 hr . 17 

9. Haynes 56 vs H y p e r s t o i c h i o m e t r i c (U,Pu)C af ter 800°C 

T e s t for 4000 hr 19 

10. Inconel 625 vs (U,Pu)C af ter 800°C T e s t for 1000 h r 19 

11. Inconel 625 vs H y p e r s t o i c h i o m e t r i c (U,Pu)C a f t e r 800°C T e s t 

for 1000 h r . . . . 20 

12. Inconel 625 vs {U,Pu)zC-, a f ter 800°C T e s t for 1000 h r 23 

13. Has t e l loy -X vs H y p e r s t o i c h i o m e t r i c (U,Pu)C af te r 700°C 

T e s t s for 1000 and 4000 h r 24 

14. Has t e l loy -X vs (U,Pu)2C3 af ter 700°C T e s t for 1000 h r 25 

15. Has t e l l oy -X vs S t o i c h i o m e t r i c and H y p e r s t o i c h i o m e t r i c 
(U,Pu)C af ter 800°C T e s t s for 1000 h r 25 

16. Has t e l l oy -X vs S t o i c h i o m e t r i c and H y p e r s t o i c h i o m e t r i c 

(U,Pu)C af ter 800°C T e s t s for 4000 h r . . 26 

17. Has t e l loy -X vs {U,Pu)2C3 af ter 800°C T e s t for 1000 h r 28 

18. Incoloy 800 vs (U,Pu)C af ter 800°C T e s t for 1000 h r 29 

19. Incoloy 800 vs (U.Puj^Ca af ter 800°C T e s t for 1000 h r 30 

20. V-20 wt % Ti vs S t o i c h i o m e t r i c and H y p e r s t o i c h i o m e t r i c 
(U,Pu)C af ter 700°C T e s t s for 1000 h r 31 



LIST OF FIGURES 

No. Title Page 

21. V-15 wt % Ti-7.5 wt % Cr vs Stoichiometric and Hyper
stoichiometric (U,Pu)C after 800°C Tests for 1000 hr 32 

22. V-15 wt % Ti-7.5 wt % Cr vs (U.PujjCj after 800°C Test for 
1000 hr 33 

23. V-20 wt % Ti vs (U,Pu)C after 950''C Test for 168 hr 33 

24. V-15 wt % Cr-5 wt % Ti vs Hyperstoichiometric (U,Pu)C after 
800°C Tests for 1000 and 4000 hr 35 

25. V-10 wt % Cr vs (U,Pu)C after 800°C Test for 1000 hr 36 

26. V-10 wt % Cr vs [U,Pu)2C3 after 800°C Test for 1000 hr 37 

27. VANSTAR-7 vs Hyperstoichiometric (U,Pu)C after 800°C Test 
for 1000 hr 38 

28. VANSTAR-8 vs Hyperstoichiometric (U,Pu)C after 800°C 
Tests for 1000 and 4000 hr 39 

29. VANSTAR-9 vs Hyperstoichiometric (U,Pu)C after 800°C 
Tests for 1000 and 4000 hr 40 



LIST OF TABLES 

No. Title Page 

I. Composition and Creep-rupture Data of Potential 

Cladding Alloys 8 

II. Chemical Analyses of Vanadium Alloys 9 

III. Compositions and Sintered Densities of (U,Pu) Carbide 
Pellets Used for Compatibility Tests 9 

IV. Carbide Compatibility Test Matrix 10 

V. Depth of Precipitates Observed Metallographically in Iron-
base Alloys after Contact with (U.Pu) Carbides I7 

VI. Extent of Zones Observed Metallographically in Three Com
mercial Nickel-base Alloys after Contact with (U,Pu) Car
bides for 1000 hr 21 

VII. Composition of Reaction Zones: Hyperstoichionnetric 
(U,Pu)C vs Inconel 625 21 



COMPATIBILITY OF URANIUM-PLUTONIUM 
CARBIDE FUELS AND 

POTENTIAL LMFBR CLADDING MATERIALS 

by 

T. W. Lat imer 

ABSTRACT 

The contact compatibility (in the absence of sodium) 
between (U,Pu)C with equivalent carbon contents of 4.83, 5.25, 
and 6.75 wt % and various i ron- , nickel-, and vanadium-base 
alloys was studied at 700-1100°C for 168-4000 hr. Austenitic 
iron-base alloys, containing 25 wt % or less nickel and tested 
at 800°C for up to 4000 hr , showed little or no evidence of 
carbon transfer from stoichiometric or hyperstoichiometric 
(Uo.8Puo.2)C that contained up to 20 vol % (U,Pu)2C3. Three 
austenitic alloys containing more than 30 wt % nickel reacted 
with stoichiometric and hyperstoichiometric (Uo.8Puo,2)C to 
form intermetall ic compounds at the fuel-cladding interface 
andprecipi tates in the cladding at 700 and 800°C. Vanadium-
base alloys containing 15-20 wt % titanium were carburized 
by (Uo.gPuo.zJC and reduced (U.PuJzCj to (U,Pu)C at 800°C. 
However, alloys containing 5 wt % or less titanium or other 
relatively strong carbide formers were only slightly affected 
by hyperstoichiometric (U,Pu)C at 800°C for up to 4000 hr . 

I. INTRODUCTION 

The chemical compatibility of the fuel and cladding is extremely 
important to the lifetime of nuclear - reac tor fuel elements. The formation 
of new phases at the fuel-cladding interface or other changes in the alloy 
chemistry of the cladding mater ia l can significantly affect the load-bearing 
capacity of the cladding. A knowledge of the changes that occur near the 
fuel-cladding interface can be used as a guide in the development of poten
tial cladding mater ia l s as well as in the selection of available mater ia ls 
before irradiat ion testing. 

Uranium-plutonium monocarbide is a promising fuel mater ia l be
cause it possesses favorable charac ter is t ics of metal density, thermal 
conductivity, and melting point. However, close control of the carbon con
tent is necessa ry to produce mater ia l that contains only the monocarbide 
phase and eliminates higher carbide phases that degrade the favorable 



p r o p e r t i e s . Mainta in ing a s i n g l e - p h a s e s t r u c t u r e is f u r t h e r - - P ^ - ^ ' ^ ^ 
by (1) contamina t ion of finely divided (U.Pu)C powder by oxygen and n i t r o g e n 
dur ing fabr ica t ion p r o c e d u r e s , and (2) the r e l a t i v e e a s e by which oxygen and 
n i t rogen can subs t i tu te for ca rbon in the m o n o c a r b i d e l a t t i c e . B e c a u s e of 
oxygen and n i t rogen contamina t ion dur ing f ab r i ca t ion , h y p e r s t o i c h i o m e r i c 
(U,Pu)C is f requent ly the end p roduc t . The h ighe r c a r b i d e p h a s e u s u a l l y 
found in h y p e r s t o i c h i o m e t r i c (Uo.sPuo.z)C is (U.Puj^C,. H o w e v e r , h y p e r 
s t o i c h i o m e t r i c UC, If not subjected to long hea t t r e a t m e n t s , p r e d o m i n a n t l y 
conta ins UC2 as the h igher ca rb ide p h a s e , even though th i s p h a s e is m e t a 
s table below 1500°C for u r a n i u m - c a r b o n m i x t u r e s conta in ing be tween 50 
and 60 at . % ca rbon . B e c a u s e of th is d i f fe rence in second p h a s e , e s t i m a t e s 
of the compat ib i l i ty of u r a n i u m - p l u t o n i u m c a r b i d e c o m p o s i t i o n s b a s e d on 
u r a n i u m ca rb ide data a r e gene ra l l y u n r e l i a b l e . 

In the p r e s e n t inves t iga t ion , the contac t c o m p a t i b i l i t y ( i . e . , wi thout 
a sodium bond) of both s t o i c h i o m e t r i c and s l ight ly h y p e r s t o i c h i o m e t r i c 
(U,Pu)C was t e s ted out of pi le with po ten t ia l c ladding m a t e r i a l s . In a d d i 
tion, a composi t ion of p r e d o m i n a n t l y (U,Pu)2C3 was u s e d to a l i m i t e d extent 
to i n t e r p r e t the r e s u l t s of the t e s t s of h y p e r s t o i c h i o m e t r i c (U ,Pu)C . The 
potent ia l c ladding m a t e r i a l s ( i ron - , n i c k e l - , and v a n a d i u m - b a s e a l l o y s ) 
w e r e se lec ted p r i m a r i l y for c o m m e r c i a l ava i l ab i l i ty and high c r e e p - r u p t u r e 
s t r e n g t h s . 

II. MATERIALS 

A. Cladding M a t e r i a l s 

The i r o n - b a s e al loys t e s ted w e r e Types 304 and 316 s t a i n l e s s s t ee l , 
Tinnken 16-15-6 and 16-Z5-6, and Haynes 56. The n i c k e l - b a s e a l l oys w e r e 
Incoloy 800, Has te l loy -X, and Inconel 625. The nomina l c o m p o s i t i o n s of 
t he se a l loys , which were p u r c h a s e d f rom c o m m e r c i a l v e n d o r s , a r e given in 
Table I. Vanadium al loys V-20 wt % Ti, V-15 wt % T i - 7 . 5 wt % C r , V-
15 wt % C r - 5 wt % Ti , and V-10 wt % Cr w e r e p r e p a r e d at ANL by the 

TABLE I. Composition and Creep-rupture Data of Potential Cladding Alloys 

Creep-rupture Stress,^ . T- ., ] n* t. Composition, wt % for Failure in 1 0 hr l_ ; ; 
Alloy at TOCC, psi Fe Ni Cr Mo Mn Co Other 

304 SS 9,000 68 9 19 
316 SS 
16-15-6 
16-25-6 
Haynes 56 
Incoloy 800 
Hastelloy-X 
Inconel 625 

11,000 
15,000 
14,000 
22,000 
11,000 
15,000 
30,000 

64 
55 
50 
45 
46 
18 

3 

13 
15 
25 
13 
32 
48 
61 

17 
16 
16 
21 
21 
22 
22 

2.5 
6 
6 
4 .5 

_ 
9 
9 

2 
7.5 
1.3 
1.5 
0.75 
1 
0.15 

1.5 
0.9 
0.9 
3.5 
0.4 
1.1 
4.8 

^Extrapolated and estimated where adequate data do not exist 



F a b r i c a t i o n T e c h n o l o g y G r o u p . VANSTAR-7 , - 8 , and -9 a l l oys w e r e p r e 
p a r e d by the W e s t i n g h o u s e E l e c t r i c C o r p o r a t i o n Advanced R e a c t o r s D iv i s i on . 
The c h e m i c a l a n a l y s e s of a l l v a n a d i u m - b a s e a l l oys t e s t e d a r e l i s t e d in 
T a b l e II . 

TABLE II. Chemica l Ana lyses of Vanadium Alloys 

Tl, C r . F e . Ta . Nb, Z r , O, N, H. C. 
Alloy wt % wt % wt % wt % wt % wt % ppm ppm ppm ppm V 

v - 2 0 wt % Ti 

V-15 wt % T i -
7.5 wt % Cr 

V-15 wt % C r -
5 wt % Tl 

V-IC wt % Cr 

VANSTAR-7 

VANSTAR-8 

VANSTAR-9 

19.0 

14.8 

5 .5 

-
-
-
-

-

7 . 5 

14.4 

10.2 

8 . 8 

8 . 7 

-

-

-

-
-

1 .2 

1.1 

1 .3 

7 2 0 

702 

9 0 0 

7 0 5 

6 2 0 

5 4 0 

5 9 0 

1 4 7 

4 0 0 

2 5 0 

2 8 0 

79 

6 8 

79 

35 

14 

1 3 

22 

N A 

N A 

N A 

198 

2 5 0 

2 8 0 

i l O 

5 6 0 

5 0 0 

5 0 0 

Balance 

Balance 

Balance 

Ba lance 

Ba lance 

Ba lance 

Ba lance 

B. C a r b i d e S p e c i m e n s 

T h r e e c a r b i d e fuel c o m p o s i t i o n s , e a c h having an o v e r a l l u r a n i u m -
t o - p l u t o n i u m r a t i o of 4 ; 1 , w e r e t e s t e d ; 4.83 wt % equ iva len t c a r b o n ( s i n g l e -
p h a s e (U,Pu)C) , 5.25 wt % equ iva len t c a r b o n ( a p p r o x i m a t e l y 20% (U,Pu)2C3), 
and 6.75 wt % equ iva len t c a r b o n ( a p p r o x i m a t e l y 90% (U,Pu)2C3). Al though • 
both c o m p o s i t i o n s con ta in ing the s e s q u i c a r b i d e p h a s e had the s a m e u r a n i u m -
t o - p l u t o n i u m r a t i o , the p l u t o n i u m conten t of th i s p h a s e in the two c o m p o s i 
t ions w a s not equa l . The p lu ton ium content of the s e s q u i c a r b i d e p h a s e in 
the 5.25 wt % c a r b o n c o m p o s i t i o n was found b y « e l e c t r o n - m i c r o p r o b e a n a l 
y s i s to be 1.9 t i m e s that of the m o n o c a r b i d e m a t r i x . 

A r c - m e l t e d bu t tons of the d e s i r e d compos i t i on w e r e c r u s h e d to 
-44-ij. p o w d e r in g loveboxes that conta ined an i n e r t a t m o s p h e r e if n i t r o g e n 
wi th i m p u r i t i e s of oxygen and w a t e r vapor of about 50 and 100 p p m , r e 
s p e c t i v e l y . The powder was coa ted with 0.5 wt % C a r b o w a x b i n d e r and 
p r e s s e d into p e l l e t s at a p r e s s u r e of 60,000 p s i . The a s - p r e s s e d p e l l e t s 
w e r e 0.273 in. in d i a m e t e r by a p p r o x i m a t e l y 0.2 in. in l eng th . The p e l l e t s 
w e r e s i n t e r e d in a t a n t a l u m - e l e m e n t r e s i s t a n c e fu rnace u n d e r a flowing 
a r g o n a t m o s p h e r e (~1 l i t e r / m i n ) and w e r e held at the s i n t e r i n g t e m p e r a t u r e s 
for 3 h r . The s i n t e r i n g t e m p e r a t u r e s and d e n s i t i e s of the t h r e e c o m p o s i 
t i ons a r e l i s t e d in T a b l e III. 

TABLE III. Compos i t ions and S in te red Dens i t i e s of (U,Pu) Ca rb ide P e l l e t s 
Used for Compat ib i l i ty T e s t s 

Equiva len t C, O2, N;, S in te r ing Densi ty, T h e o r e t i c a l 
Ca rbon , wt % wt % ppm ppm T e m p e r a t u r e . °C g /ml Densi ty , % 

11.67 86 

11.28 84 

11.90 92 

4.83 

5.25 

6.75 

4.74 

5.10 

6.73 

9 0 0 

8 0 0 

80 

3 0 0 

1000 

100 

1900 

1850 

1800 
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m . TEST MATRIX 

Primari ly , two temperatures and two heat- t reatment periods were 
used in the compatibility tests. The principal test temperatures were 700 
and 800°C, but some tests were conducted at 900, 950, and 1100°C. P r i 
marily, the tests were conducted for 1000 and 4000 hr. The test matr ix 
for all cladding and fuel combinations tested is given in Table IV. 

TABLE IV. Carbide Compatibi l i ty Tes t M a t r i x 

Cladding Alloy 

304 SS 

316 SS 

16-25-6 

16-15-6 

Haynes 56 

Incoloy 800 

Hastelloy-X 

Inconel 625 

V-20 wt % Ti 

V-15 wt % Ti-7.5 V 

V.15 wt % Cr-5 wt 

V-10 wt % Cr 

VANSTAR-7 

VANSTAR-8 

VANSTAR-9 

vt % Cr 

% Tl 

4.83 

°C 

800 
800 
1 100 

1100 

800 

800 

800 

800 

800 

800 

900 

700 

800 

700 

800 

700 

800 

700 

800 

950 

950 

800 

800 

800 

-

Car 

wt % C 

Hr 

1000 
4000 
400 
1000 

1000 
4000 

1000 

1000 

1000 
4000 
1000 

1000 
1000 

1000 
1000 

1000 
1000 

1000 
1000 
168 
1000 

1000 

1000 

1000 

-

•bide Fue] 

5.25 

°C 

800 
800 

800 
800 

800 
800 

800 

800 
800 
900 

-

700 
800 

700 
800 

700 

800 

800 
800 

800 
800 

800 

800 
800 

800 
800 

1 Composi 

wt % C 

Hr 

1000 
4000 

1000 
4000 

1000 
4000 

1000 

1000 
4000 
1000 

-

1000 
1000 

1000 
1000 

1000 

1000 

1000 
4000 

1000 
4000 

1000 

1000 
4000 

1000 
4000 

ition 

6.75 

°C 

800 

800 

800 

-
800 

800 

700 

800 

700 

800 

-

800 

-

800 

-

wt % C 

Hr 

1000 

1000 

1000 

-
1000 

1000 

1000 
1000 

1000 
1000 

-

1000 

-

1000 

-
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COMPRESSION 
SCREW 

E a c h c o m p a t i b i l i t y a s s e m b l y c o n s i s t e d of a p e l l e t of the c a r b i d e fuel 
b e t w e e n two d i s k s of c ladd ing m a t e r i a l held in con tac t by m e a n s of a m o l y b 

d e n u m f r a m e . In addi t ion , a t h i r d m e t a l d i s k of 
Type 304 s t a i n l e s s s t ee l w a s added to the a s s e m b l y 
to m a k e the to ta l l eng th of p e l l e t s in the a s s e m b l y 
0 .65-0 .70 in. ( see F i g . 1). The high s t r e n g t h and 
s m a l l e r l i n e a r t h e r m a l - e x p a n s i o n coeff ic ient of the 
m o l y b d e n u m h o l d e r w e r e found to be ef fec t ive in 
m a i n t a i n i n g good con tac t be tween fuel and c ladding 
m a t e r i a l s d u r i n g the t e s t . 

MOLYBDENUM 
FRAME 

A p p r o x i m a t e l y 0.5 m m w a s ground off each 
end of the c a r b i d e p e l l e t s to m i n i m i z e the chance of 
s u r f a c e - i m p u r i t y p h a s e s . The fue l - c l add ing con tac t 
s u r f a c e s w e r e then po l i shed flat with 4 / 0 e m e r y 
p a p e r on a g l a s s p l a t e u s ing a spec i a l s p e c i m e n 
h o l d e r shown in F i g . 2 . I m m e d i a t e l y a f t e r p o l i s h 
ing, the s p e c i m e n s w e r e a s s e m b l e d and p r e s s u r e 
was app l ied by m e a n s of a s c r e w in one end of the 

m o l y b d e n u m h o l d e r . The a s s e m b l y w a s then p l aced in a c a p s u l e , e v a c u a t e d , 
backf i l led wi th o n e - t h i r d a t m o s p h e r e of h e l i u m , and s e a l e d . Q u a r t z c a p 
s u l e s w e r e u s e d for m o s t of the t e s t s , a l though s t a i n l e s s s t ee l c a p s u l e s 
w e r e u s e d for the 4 0 0 0 - h r t e s t s . 

Fig. 1 

Compatibility Test Assembly 
Neg. No. MSD-54778. 

CARBIDE SPECIMEN 

Fig. 2 

Specimen Holder for Polishing Carbide 
Fuel Specimens. Neg. No. MSD-54779. 

3 0 4 S S HOLDER 

After be ing r e m o v e d f rom the i r c a p s u l e s , the coup les w e r e m o u n t e d 
in a p o l y e s t e r r e s i n . Th i s me thod was chosen b e c a u s e of the d a n g e r of 
b r e a k i n g the fue l - c l add ing bond by moun t ing in B a k e l i t e . Long i tud ina l s e c 
t i ons w e r e then p r e p a r e d by g r ind ing th rough s e r i e s 120- to 6 0 0 - g r i t g r i n d 
ing p a p e r . P o l i s h i n g w a s done with 6-|j, d i amond p a s t e on AB Teximet* p a p e r , 
and 1-p, d i a m o n d p a s t e on AB M i c r o c l o t h . * H y p r e z * l u b r i c a n t w a s u s e d 
t h r o u g h o u t the g r ind ing and po l i sh ing p r o c e d u r e . 

The i r o n - and n i c k e l - b a s e a l loys w e r e e tched e l e c t r o l y t i c a l l y u s ing 
e i t h e r (1) 10 wt % oxa l i c acid in w a t e r , o r (2) 32 vol % H3PO4 ( c o n c e n t r a t e d , 
c o m m e r c i a l ) , 59 vol % d ie thoxye thano l , and 9 vol % w a t e r . B e c a u s e of the 
d i f f e r e n c e s b e t w e e n the m o u n t e d s p e c i m e n s wi th r e s p e c t to the con tac t 

*Buehler, Ltd., Evanston. Illinois. 
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between the p e l l e t s and the m o l y b d e n u m h o l d e r , the vo l t age and t i m e r e 
qu i r ed for e tching v a r i e d subs tan t i a l ly . In g e n e r a l , m o s t s p e c i m e n s e t ched 
e l e c t r o l y t i c a l l y at 6-25 V in 20 sec to 3 min . The v a n a d i u m - b a s e a l l o y s 
w e r e c h e m i c a l l y e tched with a solut ion of 5 wt % AgN03 p lu s 2 vol % HF in 

w a t e r . 

V. RESULTS AND DISCUSSION 

A. Types 304 and 316 S t a in l e s s Steel 

T e s t s for 4000 h r at 800°C ind ica ted that c a r b o n w a s t r a n s f e r r e d 
f rom s t o i c h i o m e t r i c o r h y p e r s t o i c h i o m e t r i c (U:Pu)C to Type 304 s t a i n l e s s 
s tee l : but that the amount was r e l a t i v e l y s m a l l . M e t a l l o g r a p h i c e v i d e n c e 
of ca rbon t r a n s f e r was p rov ided by the o b s e r v a t i o n of h e a v i e r c a r b i d e p r e 
c ip i ta t ion along slip l i nes and the a b s e n c e of s i g m a p h a s e in t he r e g i o n 
adjacent to the fuel pe l l e t , a s shown in F i g . 3 .* The s l ip l i n e s a p p a r e n t l y 
fo rmed when the c ladding was s l ight ly d e f o r m e d at the beg inn ing of the hea t 
t r e a t m e n t b e c a u s e of the d i f fe rence in t h e r m a l - e x p a n s i o n coe f f i c i en t s b e 
tween the t e s t s p e c i m e n s and the m o l y b d e n u m f r a m e m wh ich t h e y w e r e 
held . No s igma fo rmat ion was o b s e r v e d in Type 304 s t a i n l e s s s t e e l a f te r 
1000 h r at 800°C, but af ter 4000 h r . s i g m a w a s p r e c i p i t a t e d u n i f o r m l y 
throughout the spec imen , except within 280 p, of the i n t e r f a c e wi th bo th 
s t o i c h i o m e t r i c and h y p e r s t o i c h i o m e t r i c (U,Pu)C. The c o m p o s i t i o n of the 
Type 304 s t a i n l e s s s tee l u sed in t h e s e t e s t s (18.6 wt % C r , 8.8 wt % Ni, 
0.69 wt % Si, 0.05 wt % C) l i e s in the g a m m a p lus s i g m a p h a s e f ield v e r y 
n e a r the g a m m a / ( g a m m a + s igma) p h a s e b o u n d a r y . The h i g h e r c a r b o n 
content of the aus ten i t i c m a t r i x , even though d e c r e a s e d by M23C4 p r e c i p i 
t a t e s , a p p e a r s to be sufficiently high to p r e v e n t the fornnat ion of s i g m a 
p h a s e n e a r the i n t e r f ace . 

The only other effect o b s e r v e d in both Types 304 and 316 s t a i n l e s s 
s tee l af ter the 800° t e s t s was a s m a l l zone of 15-30 p. a t the f u e l - c l a d d i n g 
in te r face that did not show the c h a r a c t e r i s t i c s t r u c t u r e o r s l i p l i n e s found 
in the bulk of the spec imen . The band was m o s t c l e a r l y def ined a f t e r the 
1000-hr t e s t , as is shown in F i g . 4 . E l e c t r o n - m i c r o p r o b e a n a l y s e s r e v e a l e d 
the i ron content of the m a t r i x of the band was about 3 wt % h i g h e r and the 
c h r o m i u m content about 3 wt % lower than tha t of the unaf fec ted s t e e l . The 
n ickel content was unchanged. A n u m b e r of s m a l l p r e c i p i t a t e s c o n s i s t i n g 
of a p p r o x i m a t e l y equal p e r c e n t a g e s of i r on and c h r o m i u m w e r e found in the 
band and w e r e bel ieved to be c a r b i d e s . 

A t e s t of Type 304 s t a i n l e s s s t ee l and s t o i c h i o m e t r i c (U ,Pu)C, at 
1100°C for 400 hr , showed p e n e t r a t i o n of the s t e e l , g e n e r a l l y a long g r a i n 
bounda r i e s , to a m a x i m u m depth of 135 p,. E l e c t r o n - m i c r o p r o b e a n a l y s i s 
r evea l ed that the affected g ra in b o u n d a r i e s shown in F i g . 5, con ta ined p a r t i c l e s 

*In Figs. 3-29, the cladding is shown at the top of the photomiciograph. 
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of relatively high uranium and plutonium content. In a 1000-hr test at this 
tempera ture , severe melting of the specimen occurred. The concentration 
of uranium and plutonium in the steel for the 400-hr test could reasonably 
have produced a eutectic in this quite complex system, which could have 
caused the melting found in the 1000-hr test. Eutectics in the binary sys
tems Fe /U, Fe /Pu, N i / u , and Ni /Pu are found at 1080, 1180, 1110, and 
1220^C, respectively.^ 

Metallography revealed the same general resul ts with Type 316 
stainless steel as was found with Type 304. After the 1000-hr tes ts with 
stoichiometric and hyperstoichiometric (U,Pu)C, Type 316 stainless steel 
showed increased carbide precipitation within 200 p, of the interface and uni
formly precipitated signa and possibly chi phases beyond this zone, as shown 
in Fig. 6. After 4000 hr, the intermetall ic phases (sigma and chi) were found 
within 110 p, of the interface. The observation of the internnetallic phases 
nea re r the interface after 4000 hr may be explained by the formation of a 
sigma phase from M23CJ, or the longer time required for a sigma phase to 
precipitate in a high-carbon austenite matr ix . 

The mechanism for the slight carburization of stainless steels that 
was observed after compatibility tes ts with (U,Pu)C compositions of various 
carbon contents is not readily apparent. The transfer of carbon by gas 
phases (CO and/or CH4) formed by the reaction of (U,Pu)C with impurit ies 
(O2 and H2O) introduced during fabrication of the carbide pellets was offered 
as an explanation, but later findings did not substantiate this hypothesis. '^ 
Some carburization has been attributed to surface cold work brought about 
by machining the stainless steel specimens. Surface oxidation of the carbide 
pellet specimens before assembly of the compatibility couples has also been 
reported as a possible cause of the subsequent carburization.^ 

In hyperstoichiometric (U,Pu)C, the presence of (U,Pu)2C3 offers a 
seemingly obvious source of carbon, but neither this investigation nor others 
have produced any conclusive evidence that a chemical reduction of (U,Pu)2C3 
par t ic les near the fuel-cladding interface has occurred. To determine di
rectly the interaction of (U,Pu)2C3 with Types 304 and 316 stainless steel, 
compatibility tes ts with the (U,Pu)2C3 composition were run for 1000 hr at 
800°C. In both cases , the (U,Pu)2C3 in contact with stainless steel was af
fected to a depth of 5-7 ji, as shown in Fig. 7. Electrolytic etching of the 
fuel indicated that this reaction was not a layer of (U,Pu)C formed by the 
reduction of (U,Pu)2C3. The composition of this layer was not identified, but 

.its small size indicates that the interaction of stainless steel with (U,Pu)2C3 
par t ic les in a monocarbide matr ix would be of little technological consequence. 

B. 16-25-6 and 16-15-6 Alloys 

The 16-25-6 and 16-15-6 alloys behaved similarly with both stoichi
ometr ic and hyperstoichiometric (U,Pu)C. The resul ts of the metallographic 
observations a re given in Table V. Figure 8 is a typical photomicrograph 
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Fig. 6. Type 316 Stainless Steel vs Hyperstoichiometric (U,Pu)C after 800°C Test 

for 1000 and 4000 hr. Mag. 200X. Neg. Nos. MSD-49783 and MSD-48968. 
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(a) Type 304 Stainless Steel (b) Type 316 Stainless Steel 

Fig. 7. Types 304 and 316 Stainless Steel vs (U,Pu)2Cg after 800°C Tests for 1000 hr 
Showing Small Unidentified Reaction Product A at the Interface. Phase B 
is (U.Pu)C impurity. Mag. 375X. Neg. Nos. MSD-47494 and MSD-47496. 

TABLE V. Depth of Precipitates Observed Metallograptiically in Iron-base Alloys 

after Contact with (U.Pul Carbides 

Alloy 

16-15-6 

16-25-6 

Haynes 56 

Temperature, 

°C 

800 

800 

800 

800 

Time, 

hr 

1000 

1000 

« 0 0 

1000 

«00 

Stoichiometric (U.PulC, 
4.83 wt % equivalent C 

Average, u 

28 

26 

Nil 

Maximum, M 

34 

30 

-

Hypersfoichiometric lU,PulC, 
5.25 wt % equivalent C 

Average, M 

35 

32 

28 

Nil 

Nil 

Maximum, p 

38 

36 

32 

-

Hypostoichiometric (U,Pu)2C3, 
6.90 wt % equivalent C 

Average, p Maximum, p 

30 35 

-

Fig. 8 

Timken Alloy 16-25-6 vs {U,Pu)C after SOO'C 
Test for 1000 hr. A indicates the zone of fine 
precipitates in the cladding at the interface. 
Mag. 375X. Neg. No. MSD-43573. 
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that shows the effect on these alloys after heat treatment at 800°C in contact 
with stoichiometric (U,Pu)C for 1000 hr. Although the affected zone in the 
alloy was somewhat larger for the hyperstoichiometric composition (con
taining -20% (U,Pu)2C3) than for the stoichiometric composition, no additional 
increase was evident for the composition containing ~90% (U,Pu)2C3. A test 
of 16-25-6 alloy and hyperstoichiometric (U,Pu)2C3 at 800°C for 4000 hr 
showed no increase in the depth of the affected zone over that found at 
1000 hr. Although the testing was limited, the results indicate that the depth 
of precipitation in these alloys was not directly related to either time or 
carbon content of the (U.Pu) carbide compositions. 

The affected zones of these alloys, when etched, appeared to contain 
a large number of very small precipitates. An electron-microprobe study 
of a specimen containing 16-25-6 alloy heat-treated for 1000 hr at 800°C 
indicated that, among the nnajor elements in the alloy, the distribution of 
molybdenum had been most significantly affected. The matr ix of the un
affected material was found to contain about 3.5 wt % molybdenum, whereas 
the grain boundaries and spots within grains, although small in size, reg
istered peaks indicating 14-19 wt % molybdenum. The fine par t ic les in the 
affected zone, believed to be molybdenum-rich, were too small for even 
semiquantitative results. A t raverse across the affected zone using a beam 
size of 1-2 p, showed relatively small variations in molybdenum content of 
5-7 wt %. 

C. Haynes 56 

Although Haynes 56 is no longer produced commercially, it is a good 
example of an iron-base alloy that is significantly stronger than Types 304 
or 316 stainless steel and is unaffected by prolonged contact with hyper
stoichiometric (U,Pu)C. No compatibility effects were found after testing 
this alloy at 800°C with the stoichiometric and hyperstoichiometric (U,Pu)C 
for 1000 and 4000 hr. Likewise, no effect was observed in tes ts of this ma
terial with the (U,Pu)2C3 composition after 1000 hr at 800°C or with the 
stoichiometric and hyperstoichiometric (U,Pu)C after 1000 hr at 900°C. 
A typical microstructure of this material after an 800°C compatibility test 
is shown in Fig. 9. 

D. Inconel 62 5 

Inconel 625 contained the highest nickel content (61 wt %) of the alloys 
tested and was found to be the least compatible with carbide fuels. Three 
distinct zones were formed after 1000-hr tests with the stoichiometric and 
hyperstoichiometric (U,Pu)C compositions. As shown in F igs . 10 and 11, 
two zones were in the cladding and one-was in the fuel. The sizes of these 
zones after heat treatments at 700 and 800''C are compared in Table VI. 
Ihe reaction zones found in the 800°C compatibility tes t specimen containing 
hyperstoichiometric (U,Pu)C were analyzed by means of an electron mic ro 
probe. The reaction zone in the fuel has been identified as (U,Pu)Ni5. This 



19 

Fig. 9 

Haynes 56 vs Hyperstoichiometric 
(U,Pu)C after SOC'CTest for 4000 hr. 
No effects on the cladding were 
observed. Mag. 500X. Neg. 
No, MSD-44025. 

! • • • • • , 

B " 

(a) 150X (b) 375X 

Fig. 10. Inconel 625 vs (U,Pu)C after 800'C Test for 1000 hr. A is the precipitate zone in the cladding, 
B is the mottled chromium- and molybdenum-rich zone in the cladding, and C is the (U,Pu)Ni5 
zone in the fuel. Neg. Nos, MSD-45378 and MSD-45379. 
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Fig. 11. Inconel 625 vs Hyperstoichiometric (U,Pu)C after 800°C Test for 1000 hr. A is the precipitate zone in the cladding, B is the mottled chromium-
and molybdenum-rich zone in the cladding, and C is the {U,Pu)Ni5 zone in the fuel. Neg. Nos. MSD-45386 and MSD-45387. 
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TABLE VI . ExtenI ot Zones Observed Metallographically in Tfiree Commercial 
Nickel-tuse Alloys atler Contact with (U.Pu) Carbides for 1000 hr 

Alloy 

Incoloy 800 

Incoloy 800 

Hastelloy-X 

Hastelloy-X 

Temperature. 
"C 

?00 

300 

700 

300 

Carbide 
Composition, 

wt % equivalent 
carbon 

4.83 

4. S3 
6.75 

4.83 
5.25 
6.75 

4.83 

Tfiiclcness ol U-
Zone in Fuel 

Average 

3 

5 
7 

Nil 

2 

5 

Pu-

Maxim 

5 

8 
15 

4 
4 

8 

Ni 

um 

Ttiickness of Cr*rich 
Zone in Cladding, u 

Average Maximum 

4 

4 
4 

Nil 

2 

i 

1 

1 
1 

b 

b 

Preci 
(rom 

Average 

Nil 

125 
125 

Nil 
Nil 
Nil 

Nil 

pitate Deptti 
Interface. |i 

Maximum 

160 
160 

S.Z5 
6.75 

6.75 

compound could be expected in high-nickel alloys, since UNis has been shown 
to be the principal product formed in a diffusion couple of uranium carbide 
versus nickel heat- t reated at 800°C for 950 hr . A continuous network of 
(U,Pu)Ni5 surrounding (U,Pu)C grains was formed in the hyperstoichiometric 
(U,Pu)C, in contrast to the solid (U,Pu)Ni5 band formed in the single-phase 
(U,Pu)C. Evidence that the (U,Pu)C grains within the (U,Pu)Ni5 network 
were formed by reduction of the (U,Pu)2C3 grains in the initial material will 
be given later in this section. 

The dark, mottled, small zone on the cladding side of the interface 
appeared to be composed of two bands of rather complex composition con
taining high percentages of chromium. The approximate compositions of 
these bands are given in Table VII. Percentages of carbon (5.25 wt % in the 
fuel) and niobium and tantalum (4 wt % in the c],adding) were not determined. 
Although no uranium was found on the cladding side of the interface, up to 
5 wt % plutonium was found in the mottled zone. 

tABLE VM Composition ot Reaction Zones: Hyperstoictiiomelric lU.Pu'C vs tnconet 625 

(8t»°C tor lOtn hrt 

tU.PulC. 
wl % 

Reaction Zones, wt ^ 

llJ.PulNis Zone in 
Fuel t36-M width I. 

36u 

Mottled Reaction 
Zone in Cladding 

(26-u widtri) 
Precipitate Zoni 

IIZO-P width 1 
Unaffected 

Inconef 6Z5. 

Cr 

Mo 

Beyond the mottled reaction zone in the cladding, a zone of chromium-
rich precipi tates was observed. In the area containing these precipi tates , 
three observations were made; (1) A 12-p, band immediately adjacent to the 
mottled zone was r icher in iron than any other portion of the cladding; 
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(2) nickel and iron contents continuously decreased throughout this area 
from the iron-enriched band to the unaffected cladding matr ix , whereas the 
chromium and molybdenum contents continuously increased; and (3) the 
precipitates, which were numerous and small close to the origmal inter
face, became less frequent but larger as the distance from the mterface 
increased. 

Although the reaction of Inconel 625 with the hyperstoichiometric 
carbide composition containing 20% (U,Pu)2C3 was slightly greater than that 
with the single-phase (U,Pu)C, the total reaction depth with the (U,Pu)2C3 
composition was significantly smaller . Only the precipitates were observed 
on the cladding side of the interface, the dark, mottled zone was absent, and 
less (U,Pu)Ni5 was formed in the fuel. However, two other zones were ob
served on the fuel side of the interface, as shown in Fig. 12. Beyond the 
(U,Pu)Ni5 zone, a 4-^ gray layer occurred, and beyond this, a 9-M. zone of 
monocarbide resulting from reduction of the sesquicarbide phase. The gray 
layer, found by microprobe analysis to have a high oxygen content, is prob
ably (U,Pu)02. The cladding is believed to be the source of the oxygen, 
since no other surface of the fuel pellet exhibited any oxide formation. 
Evidence of oxygen diffusion into the fuel can also be seen in Fig. 10, where 
the gray phase is located between the (U,Pu)Ni5 and the (U,Pu)C phases . 

E. Hastelloy-X 

Hastelloy-X was affected in a manner similar to that observed with 
Inconel 625. Because of the lower nickel content (47 wt %), however, the 
reaction zones were significantly smaller than those found with Inconel 625. 
The sizes of the reaction zones are listed in Table VI. 

At 700°C, no reaction was observed between Hastelloy-X and (U,Pu)C 
(4.83 wt % C) for up to 4000 hr. Intermittent reaction with (U,Pu)2C3 along 
the interface was observed in the case of hyperstoichiometric (U,Pu)C 
(5.25 wt % C) at this temperature but, as shown in Fig. 13, no increase in 
the size of these small reaction areas was found after 4000 hr . A test with 
the (U,Pu)2C3 composition (6.75 wt % C) at 700°C for 1000 hr revealed a 
4-|i reaction zone (equivalent to the maximum found with the hyperstoichio
metric (U,Pu)C) and also an adjacent 8-|i zone in the fuel that had been r e 
duced to (U,Pu)C, as shown in Fig. 14. 

After 1000 hr at 800°C, both (U,Pu)C and hyperstoichiometric (U,Pu)C 
reacted with Hastelloy-X to form (U,Pu)Ni5 and a chromium-r ich zone in the 
cladding (see Fig. 15). Figure 15b i l lustrates the greater extent of the r e 
action at those points in contact with the (U,Pu)2C3 phase. After 4000 hr at 
800°C, inter- and intragranular precipitation in Hastelloy-X was found to an 
average depth of 90 n (maximum depth of 140 p,), as shown in Fig. 16. How
ever, no increases in the average depth of the (U,Pu)Ni5 layer or the 
chromium-rich layer were found after the longer heat t reatment . Like
wise, the larger reaction zones found in areas where the cladding was in 
contact with the (U,Pu)2C3 phase had not significantly increased. 
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Fig. 12. Inconel 625 vs (U,Pu)2C3 a ler 800°C Test for 1000 hr. A is the precipitate zone in the cladding, 
B is the (U,Pu)Ni5 zone in tlie fuel, C is the gray (oxide) zone, D is the (U,Pu)C zone formed by 
reduction of (U,Pu)2C3, and E is the (U,Pu)C impurity. Neg. Nos. . MSD-46715 and MSD-46713. 



(a) 1000 hr (b) 4000 hr 

Fig. 13. Hastelloy-X vs Hyperstoichiometric (U,Pu)C after 700°C Tests for 1000 and 4000 hr. 
A indicates the reaction product formed by reaction of the cladding with (U,Pu)2C3 
particles. Mag. 500X. Neg. Nos. MSD-44693 and MSD-46669. 
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Fig. 14 

Hastelloy-X vs (U,Pu)2C3 after 
TOO'CTest for lOOOhr. A is the 
(U,Pu}C zone formed by reduc
tion of (U,Pu)2C3, and B is the 
(U,Pu)C impurity. Mag. 500X. 
Neg. No. MSD-46673. 

(a) Stoichiometric (U,Pu)C (b) Hyperstoichiometric (U,Pu)C 

Fig. 15. Hastelloy-X vs Stoichiometric and Hyperstoichiometric (U,Pu)C after 800°C Tests 
for 1000 hr. A indicates increased reaction at points of contact with (U,Pu)2C3 
particles. Mag. 375X. Neg. Nos. . MSD-41269 and MSD-43636. 



(a) Stoichiometric (U,Pu)C (b) Hyperstoichiometric (U,Pu)C 

Fig. 16. Hastelloy-X vs Stoichiometric and Hyperstoichiometric (U.Pu)C after SOCC Tests for 4000 hr. 
A indicates increased reaction at points of contact with (U,Pu)2C3 particles, and B the pre
cipitates in cladding. Mag. 500X. Neg. Nos. MSD-49155 and MSD-49156. 
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The reaction with the (U,Pu)2C3 composition at 800''C revealed, in 
addition to the (U:Pu)Ni5 zone, a gray layer of about 5 p,, which was believed 
to be (U,Pu)02, and a 25-p, layer of (U.Pu)C that was the resul t of the r e 
duction of (U,Pu)2C3. These resul t s , shown in Fig. 17, are similar to those 
obtained with Inconel 625. 

F . Incoloy 800 

Although the nickel content of Incoloy 800 is significantly less than 
that of Hastelloy-X, the formation of an intermetall ic phase in the fuel 
occurred to the same depth with either alloy after contact with (U,Pu)C for 
1000 hr at 800''C. With Incoloy 800, however, the intermetall ic phase, shown 
in Fig. 16, contained approximately equal atomic percentages of nickel and 
iron and about 2 5 at. % (U + Pu). The chromium- and molybdenum-rich 
zones found in the compatibility tes ts with Inconel 625 and Hastelloy-X were 
not found in Incoloy 800, which contains no molybdenum. However, exten
sive, fine, chromium-r ich inter- and intragrain carbide precipitates were 
found in Incoloy 800 after contact with (U,Pu)C or (U,Pu)2C3 at 800°C, as 
shown in F igs . 18b and 19b. The sizes of the reaction zones for the tests 
on Incoloy 800 are listed in Table VI. 

In the test with the (U,Pu)2C3 composition, reduction of (U,Pu)2C3 to 
(U,Pu)C occurred to an average depth of 24 p, from the fuel-cladding inter
face. Formation of the gray phase was observed in the fuel to an average 
depth of 14 p,, as shown in Fig. 19a. 

G. Vanadium Alloys 

Of the several vanadium-base alloys developed as cladding for 
nuclear fuels, seven were tested with (U,Pu) carbide fuels. Four were de
veloped at ANL and designated by nominal composition: V-20 wt % Ti, 
V-15 wt % Ti-7.5 wt % Cr, V-15 wt % Cr-5 wt % Ti, and V-10 wt % Cr. 
Three others were developed at Westinghouse Electr ic Corporation and 
designated as VANSTAR-7, VANSTAR-8, and VANSTAR-9. Chemical anal
yses of these alloys are given in Table II. 

In the 700-800°C range, V-20 wt % Ti and V-15 wt % Ti-7.5 wt % Cr 
were carburized by (U,Pu)C. Photomicrographs of this effect are shown in 
F igs . 20 and 21. Chemical analyses of the carburized zone in the V-15 wt % 
Ti-7.5 wt % Cr specimen heat treated at 800°C for 1000 hr showed a carbon 
content of 0.9 wt %. At 800°C these alloys were able to reduce (U,Pu)2C3 to 
(U,Pu)C. Figure 22 shows a 38-p, zone of the (U,Pu)2C3 composition that was 
reduced to (U,Pu)C after contact with V-1 5 wt % Ti-7.5 wt % Cr for 1000 hr 
at 800°C. The depth of carburization (64 p,) of this alloy was essentially 
equal to that of the (U,Pu)C tests (see Fig. 21). 

At 950°C, the formation of a carbide phase in V-20 wt % Ti was evi
dent after 7 days (168 hr) , and the reduction of (U,Pu)C to U + Pu metal was 
observed at (U,Pu)C grain boundaries, as shown in Fig. 23. 
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(c) Cladding Etched 

(b) Fuel Etched 

Fig. n . Hastelloy-X vs (U,Pu)2C3 after 800°CTest for 1000 hr. A is the (U,Pu)Ni5 zone, B is the gray 
(oxide) zone, C is the (U,Pu)C zone formed by reduction of (U,Pu)2C3, and D is the precipi
tate zone in the cladding. Mag. 375X. Neg. Nos. MSD-46280, MSD-46674, and MSD-46279. 
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(a) 

Fig. 18. Incoloy 800 vs (U,Pu)C after 800°C Test for 1000 hr. A is the 
U-Pu-Ni-Fe phase in the fuel, and B is the precipitation zone 
in the cladding. Neg. Nos. MSD-47617 and MSD-47618. 
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lb) 200X 

Fig. 19. Incoloy 800 vs (U,Pu)2C3 after 800"C Test fot 1000 hr. A is the U-Pu-Ni -Fe phase 

in the fuel, B is the gray (oxide) phase. C is the (U,Pu)C zone formed by reduction 

of (U,Pu)2C3, D is the (U,Pu)C impurity, and E is the precipi tate zone in cladding. 

Neg. Nos. MSD-47500 and MSD-47502. 
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(a) Stoichiometric (U.Pu)C (b) Hyperstoichiometric (U,Pu)C 

Fig. 20. V-20 wt lo Ti vs Stoichiometric and Hyperstoichiometric (U,Pu)C after 700°C Tests for 1000 hr. 
A is the carburized zone in the cladding. Mag. 500X. Neg. Nos. MSD-45932 and MSD-45933. 
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(a) Stoichiometric {U,Pu)C 
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(b) Hyperstoichiometric (U,Pu)C 

Fig. 21. V-15 wt 711 Ti-7.5 wt % Cr vs Stoichiometric and Hyperstoichiometric (U,Pu)C after 800"C Tests for 1000 hi. 
A is the carburized zone in the cladding. Mag. 500X. Neg. Nos. MSD-47313 and MSD-47314. 
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(a) Cladding Etched (b) Fuel Etched 

Fig. 22. V-15 wf^o Ti-7.5 wt^o Cr vs (U,Pu)2C3 after 800°C Test fot 1000 hi. A is the carburized zone 
in the cladding, B is the (U,Pu)C zone formed by reduction of (U,Pu)2C3, and C is the (U,Pu)C 
impurity in the fuel. Mag. 375X. Neg. Nos. MSD-48689 and MSD-48687. 

Fig. 23 

V-20 wfjo Ti vs (U,Pu)C after 95C°C Test for 168 hr. 
A is the carbide precipitate zone in the cladding, and 
B is the (U + Pu) metal in the grain boundaries of the 
fuel. Mag. 375X. Neg. No. MSD-40551. 



34 

Much improved compatibility with carbide fuels resulted from a r e 
duction of the titanium content of these vanadium alloys. No metallographic 
effects were observed in V-15 wt % Cr-5 wt % Ti after contact with the 
hyperstoichiometric (U,Pu)C for 1000 hr at 800°C. After 4000 hr at 800°C, 
however, an affected zone of 70 n was revealed by etching (see Fig. 24). The 
microhardness of this zone was 250 DPH, compared with 198 DPH for the 
remainder of the cladding disk. Estimation of the carbon content of this 
zone by chemical analysis was 0.5 wt %. 

No bulk carburization of V-10 wt % Cr was observed after contact 
with hyperstoichiometric (U,Pu)C for 4000 hr at 800°C. Also, no increase 
in hardness occurred near the interface. However, etching revealed a 
widening of grain boundaries of the V-10 wt % Cr after contact with hyper
stoichiometric (U,Pu)C for 1000 and 4000 hr (see Fig. 25). Because of the 
small size of the grain-boundary phase (1-2 |i wide), quantitative analysis 
could not be obtained by the electron microprobe. However, microprobe 
resul ts for carbon in the grain-boundary phase showed no change in intensity 
over that of the matrix, indicating that the phase was not a carbide and prob
ably contained less than 1 wt % carbon. The V-10 wt % Cr alloy was simi
larly affected after contact with (U,Pu)2C3 for 1000 hr at 800°C. In addition 
to the grain-boundary effect, however, there was evidence of oxygen diffusion 
from the vanadium alloy to the carbide fuel. Elect ron-microprobe analysis 
revealed that a gray phase in the grain boundaries and within the grains of 
(U,Pu)2C3 contained oxygen, and therefore the phase was assumed to be 
(U,Pu)02 (see Fig. 26). 

The grain boundaries of VANSTAR-7 were similarly affected after 
contact with hyperstoichiometric (U,Pu)C at 800°C. This alloy, composed 
essentially of vanadium, chromium, and iron, was affected to approximately 
the same depth (150 p) as V-10 wt % Cr after 1000 hr (see Fig. 27). Also, 
as with V-10 wt % Cr, microhardness measurements showed no hardness 
increase near the interface. 

No effects were observed betv/een either VANSTAR-8 or VANSTAR-9 
and hyperstoichiometric (U,Pu)C after 1000 hr at 800°C. These alloys con
tained 3.75 at. % of the strong carbide formers zirconium, tantalum, and 
niobium. After 4000 hr at 800°C, however, VANSTAR-8 was somewhat 
hardened to a depth of 625 p, from the interface. Hardness was 315 DPH at 
the interface and decreased to 275 DPH at a depth of 250 p, from the inter
face. The unaffected VANSTAR-8 alloy had a hardness of 202 DPH. Fig
ure 28 shows the change in microst ructure near the interface. VANSTAR-9 
showed no hardness nor microstructural changes after the 4000-hr test , and, 
of the VANSTAR alloys, it appeared to be the most compatible with carbide 
fuel (see Fig. 29). 
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(a) 1000 hr (b) 4000 hr 

Fig. 24. V-15 wt "Co Cr-S wt % Ti vs Hyperstoichiometric (U.Pu)C after 800°C Tests for 1000 and 4000 hr. 
A indicates the slightly hardened zone. Mag. 200X. Neg. Nos. MSD-47708 and MSD-49158. 
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(a) Cladding at Interface (b) Unaffected Cladding 

Fig. 25. V-10 wt<7o Cr vs (U,Pu)C after 800°C Test for 1000 hr. A indicates the unidentified grain-boundary 
phase near the fuel-cladding interface. Mag. 500X. Neg. Nos. MSD-48790 and MSD-48791. 



Fig. 26. V-10 wt lo Cr vs (U,Pu)2C3 after 800"C Test for 1000 hr. A is the unidentified grain-boundary phase in the cladding, 
and B is the (U,Pu)02 in the grain boundaries of the fuel. Mag. 500X. Neg. Nos. MSD-48694 and MSD-48692. 
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(a) 200X (b) 500X 

Fig. 27. VANSTAR-7 vs Hyperstoichiometric (U,Pu)C after S00°C Test for 1000 hr. Neg. Nos. MSD-47778 and MSD-47780. 



(a) 1000 hr (b) 4000 hr 

Fig. 28. VANSTAR-8 vs Hyperstoichiometric (U.Pu)C after 800°C Tests for 1000 and 4000 hr. A indicates 
the slightly hardened zone. Mag. 200X. Neg. Nos. MSD-47783 and MSD-54643. 



o 

:i , . ; ' ^ ^ ' 

" '•yyxj?'^:^r:. ,. ^-., 
% 

''ct 

•"P. 

;p^ w&'^yy:^yy^ yi ^{:2^iy^^-:y^ '^ym -̂ ^ -.• 
^$ytiy-iy:yy^^y,r:^,M 

yh^^;^yy> "S 9..?4 •̂'̂  ?:̂  ,/̂ >̂ <̂X>>Vsb̂  
^^zrrt .-v^:-'". 4 . •. j,c;*.A__ .>>. '* .T.-y..^i^-. ,-.—. '-••̂  

(a) lOOC hr (b) 4000 hr 

Fig. 29. VANSTAR-9 vs Hyperstoichiometric (U,Pu)C after 800°C Tests for 1000 and 4000 hr. No effects 
on cladding were observed. Mag. 200X. Neg. Nos. MSD-49787 and MSD-54644. 
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VI. CONCLUSIONS 

1. Four of the five austenitic i ron-base alloys containing 25 wt % or 
less nickel that were tested at 800°C for up to 4000 hr showed some meta l 
lographic evidence of a relatively small amount of carbon transfer from 
stoichiometric and hyperstoichiometric (Uo.8Puo.2)C. The fifth alloy, 
Haynes 56, showed no metallographic evidence of carbon t ransfer . The car
bon t ransfer was observed as increased precipitation of chromium-r ich 
precipi ta tes in Types 304 and 316 stainless steel and as molybdenum-rich 
precipi ta tes in Timken alloys 16-15-6 and 16-25-6. No increase in the depth 
of these precipi ta tes was observed in the Timken alloys between 1000 and 
4000 hr. Determination of the depth of carbon diffusion in the stainless 
steels was difficult because the compressive s t r e s se s imposed upon the 
stainless steel specimens at the beginning of the heat t reatment resulted in 
charac ter i s t ic carbide precipitation in the slightly worked mater ia l in the 
bulk of the specimen. These resul ts and resul ts from other investigators 
appear to indicate that t ransfer of carbon from (U.Pu)C containing up to 
20 vol % (U,Pu)2C3 is relatively small . 

2. Three austenitic alloys containing over 30 wt % nickel reacted 
with stoichiometric and hyperstoichiometric (UQ,8PUQ_2)C to form inter
metall ic compounds at the fuel-cladding interface and precipitates in the 
cladding at 700 and 800°C. The compound formed in the tests withHastelloy-X 
and Inconel 625 was (U,Pu)Ni5. Carbon released by the reaction diffused into 
the cladding alloys and was found as chromium- and molybdenum-rich p r e 
cipitates. The depth of the intermetall ic layer was relatively small for 
Incoloy 800 and Hastelloy-X (about 5 p after 4000 hr at 800°C). 

3. The compatibility of the vanadium'alloys tested was markedly 
affected by the amount of titanium contained in these alloys. Vanadium 
alloys containing 15-20 at. % Ti were carburized by (UQ.8PUO.2)C and reduced 
(U,Pu)2C3 to (U,Pu)C at 800°C. However, metallography and microhardness 
measurennents indicated that vanadium alloys containing only 5 at. % or less 
of t i tanium or other relatively strong carbide formers , such as zirconium, 
tantalum, and niobium, were only slightly affected by contact with hyper
stoichiometric (U,Pu)C at 800°C for up to 4000 hr . 
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